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Abstract
In the present experiment we study turbulent moist air convection, where the turbulence is buoyancy driven and characterized
by gradient Rayleigh number g(1/ρ0)(Δρ/l)d4/αν ∼ 108, in a square tube of aspect ratio 8. Hot moist air is provided at the bottom
of the tube , while the top of the tube is open and is exposed to cold air reservoir. In the statistically steady state, a constant
temperature gradient of −6.7 0C/m is obtained in the tube excluding some distance from the tube ends. Away from the tube ends
width of the tube d is found to be relevant length scale indicating homogeneity of turbulence in the axial direction. Temperature
proﬁle is obtained from measurements. Calculations are shown that explain some features of the temperature curve. Heat ﬂuxes
are estimated.
c© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
Moist air convection, or convection coupled with phase change, is a topic subject to intense research8,5. Mostly
it is studied in the context of Rayleigh-Be´nard convection. In our experiments we study a diﬀerent type of turbulent
convection ﬂow that is also coupled with phase change.
This experiment is an extension of those performed by Cholemari and Arakeri4,1. They experimentally studied
convection in a long vertical pipe, in which the convection was due to density diﬀerence between brine and water. In
Rayleigh-Be´nard convection, associated with the top and bottom plates, are boundary layers which end up inﬂuencing
ﬂow dynamics even in the interior region. This is avoided in the experiments of Cholemari and Arakeri4,1 where large
reservoirs of brine and water are provided at either ends of the pipe. They found that the resulting turbulent ﬂow
had zero mean velocity everywhere within the pipe, and was thus purely buoyancy driven. Also the ﬂow was axially
homogeneous away from the ends of the pipe.
In the present study, turbulent convection in a similar setup is caused due to density diﬀerence between cold moist
air and hot moist air. Density of air is determined by both temperature and water-vapor content. Details of the setup
are given in the next section. In the resulting turbulent ﬂow water exists in the form of both vapor and liquid-droplets.
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There is continuous interaction and transformation between the two phases, coupling onto the background turbulent
ﬂow in which it is embedded and transported.
Nomenclature
At Area of the water surface
d Width of the square tube
g Acceleration due to gravity
k Thermal conductivity of air
l Length of the square tube
m˙ Evaporation rate of water
NuL Average Nusselt number
q˙ Mean sensible heat ﬂux per unit time
q˙′′, q˙′′ Mean sensible heat ﬂux per unit area per unit time
Ra Gradient Rayleigh number based on overall density diﬀerence across the tube,
g 1ρ0
Δρ
l d
4
αν
RaL Rayleigh number based on a derived length,
gβΔTL3
αν
T Mean temperature
Tcold Mean temperature at the bottom of the tube
Thot Mean temperature at the top of the tube
ΔT 0 Overall mean temperature diﬀerence across the tube, Thot − Tcold
w Magnitude of vertical velocity ﬂuctuation in the linear region away from tube ends
z Vertical co-ordinate with origin at the water surface
α Thermal diﬀusivity of air
αT Turbulent eddy thermal diﬀusivity of air
β Thermal expansion coeﬃcient of air (at constant pressure)
δz Thickness of conduction layer at the water surface
ν Momentum diﬀusivity of air, or Kinematic viscosity
ρ Density of air
Δρ Overall mean density diﬀerence across the tube ends
A/C Air conditioner
2. Experimental setup
Convection takes place in a square tube of height (l) 200 cm, width (d) 25 cm, hence an aspect ratio of 8. See
ﬁg 1. Walls of the tube are not provided with any additional insulation. Hot moist air at 60 ±10C is provided (by
heating water) at the bottom of the tube. At the top of the tube, which is open, cold air is circulated slowly, which
forms the cold air reservoir. Its temperature can be between 10 to 15 0C, with a ±1 0C variation. This sets up the
moist air convection inside the tube. The turbulent ﬂow quickly attains to a statistically steady state as indicated by
an unchanging mean-temperature proﬁle inside the tube.
The convection in our setup occurs due to air of higher density being at the top of the tube. Density of air in the
tube is determined by two factors: Temperature and Water-vapor content. In our studies Ra ∼ 108 and the convection
is fully turbulent.
In the experiments studied by Cholemari and Arakeri4, away from the ends of the tube the turbulence was axially
homogeneous, hence the only length scale away from the tube ends was the tube diameter d. We shall make a few
arguments based on the assumed homogeneity of the turbulence away from the tube ends in our setup as well. The
agreement of the estimates with the measurements will support this assumption.
Temperature is measured along the height of the tube by traversing four T-type (Copper-Constantan) thermocouples
spaced evenly along the vertical axis of the tube. Error in measuring temperatures is about ±0.3 0C. The data is
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Fig. 1. Concept of the setup. Convection in a vertical square tube
is caused by providing hot moist air at the bottom of the tube and
cold air at the top of the tube.
Fig. 2. Temperature trace in time at mid-height of the tube. Aver-
age temperature is 20.4 0C. The measured values of temperature
are joined by a line for ease of visualization.
acquired at a rate ∼1.6 Hz . See ﬁg 2. Since thermocouples become wet, question arises as to how the temperature
values are to be interpreted. To resolve this issue we assume that air is saturated everywhere inside the tube, so that
dry-bulb and wet-bulb temperature is equal at every measurement point.
Evaporation rate is measured using a siphon arrangement2 between the water tank and a tub ﬁlled with water(placed
outside the tube). Evaporation in the water tank causes a fall in the water level of both the tank and the tub. Weighing
balance records only the decrease in mass of water (at a rate m˙b) in the tub. If the free-surface area of water in the tub
is Ab and that in the water tank is At, then the rate of evaporation is given by: m˙ = m˙b(1 + At/Ab).
Energy input to the water heater is measured using EAPL make energy meter, and voltage across the heater is
controlled using Sabtron voltage regulator, which in turn determines the heater current. To maintain a water surface
temperature of 60 ± 1 0C, energy input to the heater is about 104 W, when the temperature at the top is 15 0C.
A qualitative large scale visualization is done using a continuous wave Argon-ion laser light. The droplets in the
convective ﬂow themselves serve as markers for qualitative visualization. See ﬁg 3(a). To approximately measure
the speed of droplets in a vertical plane a streak photograph (ﬁg 3(b)) is obtained at mid-height of the tube. It must
be remarked here that water droplets may not faithfully follow the streamlines of the ﬂow. But we may assume that
the order of magnitude of velocity of air (in which the droplets are convected) is about the same. Since we have
assumed that mean velocity everywhere is very near zero, velocity so obtained will give us the order of magnitude of
the velocity-ﬂuctuation of the turbulent air in which the droplets are convected.
Fig. 3. (a) Qualitative visualization of droplets in the ﬂow on a large scale along the vertical center plane at mid-height of the tube. Green regions
contain droplets and non-green regions are devoid of droplets. Bright vertical white lines are due to the intersection of the laser sheet with the tube
walls. (b) Streak photograph of droplets in the ﬂow. From these streaks the velocity (in a plane) of the droplets was estimated, and this can be up
to 25 cm/s.
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Fig. 4. Non-dimensional temperature versus non-dimensional dis-
tance. Linear ﬁt (solid line) for the central region 0.2<z/d<7.2,
gives a temperature gradient of −6.7 0C/m. Maximum standard
deviation of temperature in the linear region is ≈ 1.5 0C.
Fig. 5. Moist air density versus non-dimensional distance. Linear
ﬁt (solid line) for the central region 0.2<z/d<7.2, gives a density
gradient of 0.032 (kg/m3)/m. Density is calculated by knowing
temperature (ﬁg 4 on the left) and assuming saturation.
3. Results and discussion
3.1. Evaporation rate
The measured evaporation rate of water when Thot = 60 0C,Tcold = 15 0C, is m˙ = 94 g/hr. The evaporation rate
does not change much for temperature range 10 to 15 0C at the top of the tube.
The mass exchange between the surroundings and the inside of the tube takes place only at its open top end. Water-
vapor supplied at the bottom of the tube escapes from the top at a steady rate given by m˙. This suggests that the mean
velocity of the ﬂow is not zero, since there is net transport of water out of the tube. This is in contrast to the zero-mean
ﬂow obtained by Cholemari and Arakeri4. But the evaporation rate being small, the mean velocity is expected to be
only slightly above zero.
3.2. Temperature proﬁle and velocity ﬂuctuation estimate
As mentioned in the previous section, we have assumed that dry-bulb and wet-bulb temperature is equal everywhere
inside the tube. For Thot = 60 0C, Tcold = 9.7 0C, non-dimensionalised temperature diﬀerence (T (z) − Tcold)/(Thot −
Tcold) is plotted against non-dimensionalised vertical distance z/d on the X-axis, in ﬁg 4. z=0 corresponds to bottom
of the tube. Excluding some region (of height ∼ d) near the tube ends, we see that the mean temperature proﬁle has
a non-zero constant gradient dT/dz = −6.7 0C/m, as obtained from a linear ﬁt to the data in the region 0.2<z/d<7.2.
This is to be contrasted with the turbulent Rayleigh-Be´nard convection where typically the mean temperature gradient
away from the walls is close to zero. A non-zero concentration gradient away from the pipe ends was also obtained
by Cholemari and Arakeri4 in their experiments.
Temperature values at some points on the curve are given here: the mean temperature at the point where linear
proﬁle begins (at z/d = 0.2) is about 26.7 0C, and where the linear proﬁle ends (at z/d = 7.2) the mean temperature
is about 16.2 0C. The ﬁrst measurement above the water surface is at 5 mm above, and the mean temperature here is
30.9 0C. At mid-height of the tube (z/d = 4) the temperature is 20.4 0C.
Far away from the tube ends, width of the tube d is the relevant length scale. Therefore the magnitude of tempera-
ture ﬂuctuations in the linear region may be estimated as |(dT/dz) d| = 1.7 0C. Measured maximum standard deviation
of temperature in the linear region is about 1.5 0C.
By mixing-length type of arguments outlined in Cholemari and Arakeri4,1, we may estimate the magnitude of
vertical velocity ﬂuctuations in the linear region as
w ∼
√
g
1
ρ0
∣∣∣∣∣∣dρdz
∣∣∣∣∣∣d2 (1)
Both temperature and water vapor content contribute to air density. At mid-height of the tube the moist air density
ρ0 = 1.07 kg/m3. The density gradient in the central region (see ﬁg 5) is dρ/dz = 0.032 (kg/m3)/m. Substituting these
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Fig. 6. Diﬀerent regions in the temperature curve in the lower half of the tube.
values we get w ≈ 14 cm/s. From streak photographs the measured approximate velocities of droplets in the vertical
plane can be up to ∼25 cm/s. Though this measurement does not directly give the air velocity we may assume that it
will be the same in an order-of-magnitude sense.
Some features of the temperature curve can be explained. For example, if sensible heat ﬂux is known, then since
the length scale far from the tube ends is d and velocity scale is w, we may form eddy diﬀusivity αT ∼ wd, and
calculate the magnitude of temperature gradient in the linear region (see the end of section 3.3).
Away from the tube ends, width of the tube (d) is the relevant length scale as mentioned before. But for the vertical
co-ordinate z such that δz  z d, there is no natural length scale. This will be the overlap region (see ﬁg 6) in which
we obtain a logarithmic dependence of temperature on z (similar to velocity proﬁle in turbulent shear ﬂows7).
d
dz
ΔT ∼ −ΔT 0
z
∴ ΔT = B − A ΔT 0 ln z
(2)
where A and B are constants, ΔT 0 = (60 − 10) 0C, ΔT =(T(z)-10) 0C. Linear region begins at z/d=0.208, or
z=5.2 cm. We ﬁnd consntants A and B by known mean temperatures at z=0.5 cm and z=5 cm. This gives ΔT =
19.6 − 1.85 ln z, where z is in cm. Comparison with measured values gives a maximum error of 1 0C in the region z/d
<0.2.
Suﬃciently close to the water surface there will be a thin region of thicknes δz, where the air velocity is so small
that molecular diﬀusion of heat will be the dominant mechanism of heat transfer (see ﬁg 6). No measurements close
to the water surface are available, so we only conjecture as to the possible scaling relation in this region. For dry air
convection, Theerthan and Arakeri6 found that the conduction layer thickness was given by
δz ∼
(
αν
gβΔT 0
)1/3
(3)
For ΔT 0 = (60 − 10) 0C and β ≈ 1/(60 + 273) K−1, we get δz ≈ 0.5 mm. We recall that our measurements began
from 5 mm above the water surface.
In ﬁg 7 saturation vapor pressure, mixing ratio and density of vapor and dry air components, is plotted against height
z/d from the bottom of the tube. None of these are measured values, but calculated by knowing the temperature and
assuming that the air is saturated.
3.3. Heat ﬂux estimate
The energy input to the heater as measured by energy-meter is 104 W, when Thot = 60 0C and Tcold = 15 0C. From
water evaporation data latent heat ﬂux is ≈ 62 W. Therefore about 60% of the input energy to the heater goes into
evaporation at the water surface.
We may estimate the magnitude of the sensible heat ﬂux due to convection in the air above water surface, by
making certain assumptions. The simplest would be to calculate the heat ﬂux from a heated horizontal plate (for
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Fig. 7. (a) Saturation vapor pressure (Pa) with z/d. (b) Mixing ratio (g of water vapor per kg of dry air) with z/d. (c) Dry air density () and
water-vapor density (+) with z/d which add to form moist air density shown in ﬁg 5.
convection without phase change) which is well studied, and assume that the magnitude of sensible heat ﬂux in our
case is of the same order of magnitude. For a ﬂat plate of area A and perimeter P, deﬁne length L≡ A/P and Rayleigh
number RaL ≡ gβΔTL3/αν. For a water-surface area of 18 cm×18 cm, L=4.5 cm and taking ΔT = 60 − 15 = 45 0C,
we obtain RaL = 3.7 × 105. From Bejan3 we use the correlation for Nusselt number: NuL=0.54 Ra1/4L = 13.3. By
deﬁnition, NuL = q˙′′L/kΔT , which gives q˙′′=298 W/m2, hence q˙ ≈10 W.
This estimate may be made in another way. Far from the tube ends, the length scale is d and the velocity scale is w
as given by eqn. 1. Therefore without ambiguity we may form the turbulent eddy diﬀusivity as follows:
αT ∼ wd = 0.14 × 0.25 = 0.035 m2/s (4)
When the turbulence is statistically steady we may write the mean energy equation (for convection without phase
change) as follows:
d
dz
⎡⎢⎢⎢⎢⎣(α + αT )dTdz
⎤⎥⎥⎥⎥⎦ = 0
∴ (α + αT )
dT
dz
=
−q˙′′
ρcp
(5)
Second line in eqn 5 is obtained from the boundary conditions at z=0 : αT = 0 and q˙′′ = −k dT/dz. Substituting
numbers in eqn. 4 and 5 we obtain q˙′′ = 235 W/m2, hence q˙ ≈ 15 W. It is evident that both approaches give essentially
the same approximate values for sensible heat ﬂux due to convection in the air above water surface. Hence about 10%
of the total energy input to the heater is lost as sensible heat ﬂux. The rest of the input, about 30 W goes into direct
losses from the water tank due to absence of insulation. Hence insulation is important, and remains part of our future
work.
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We note two things regarding eqn. 5. First, if the sensible heat ﬂux per unit area q˙′′ were somehow known, then
eqn. 5 yields an equation in |dT/dz| ( 1
ρ0
∣∣∣∣ dρdz ∣∣∣∣ in w, see eqn. 1, can be approximated as 1T0
∣∣∣∣ dTdz ∣∣∣∣ for moderate temperature
and temperature gradient prevailing here), which may be solved to obtain |dT/dz|, the temperature gradient in the
central linear region. Second, for moist air convection with phase change, eqn. 5 has a source term on the right
hand side. Source term occurs to account for the release or absorption of sensible heat due to phase change. Due to
uncertainty in how much latent heat is released (or absorbed) at any given height, it has not been possible to include
this in the estimation.
4. Conclusions
In this paper we have described a turbulent natural convection ﬂow in a long vertical tube and involving two phases.
Water exists in this ﬂow in both vapor and liquid form (as droplets), and there is a continuous interaction between the
two phases. It is found that far away from the tube ends there is a non-zero temperature gradient along the axis of the
tube. Using mixing length type of theory4,1 and dimensional arguments we have estimated the velocity ﬂuctuations
and explained some features of the temperature proﬁle. Also the evaporation rate of water has been measured and
thus latent heat ﬂux calculated, while the sensible heat ﬂux has been estimated.
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